PURPOSE.
To test the hypothesis that immune activation occurs in glaucoma by comparing concentrations of multiple cytokines in aqueous humor (AH) from patients with primary open angle glaucoma (POAG) and from cataract patients without glaucoma as controls. METHODS. Cytokine concentrations in AH obtained during surgery were measured using microparticle-based immunoassays. Localized expression of IL-8 protein was investigated by immunohistochemistry of human eyes. RESULTS. Eight cytokines (IL-1␤, IL-2, IL-4, IL-5, IL-10, IL-12, IFN-␥, and TNF-␣) were below the limits of detection, and two cytokines (IL-18 and IL-15) were detected at low levels or in only a few patients. Although IL-6 was detected in 26 of 30 control patients (median, 2.7 pg/mL) and in 23 of 29 POAG patients (median, 1.6 pg/mL), the difference was not statistically significant. IL-8 was detected in 28 of 30 control patients (median, 1.8 pg/mL) and in all 29 POAG patients (median, 4.9 pg/mL). The higher IL-8 concentration in the AH of POAG patients was statistically significant (P Ͻ 0.001). In pairs of eyes from patients with asymmetric glaucomatous optic nerve damage, IL-8 concentration was higher in the AH of the more severely affected eye (P Ͻ 0.05). Patients with severe visual field defects had higher IL-8 concentrations in the AH than did patients with mild visual field defects. IL-8 protein expression was found in human retina and optic nerve. CONCLUSIONS. Concentration of the inflammatory cytokine IL-8 is significantly elevated in the AH of POAG patients, supporting the hypothesis that immune activation occurs in glaucoma. (Invest Ophthalmol Vis Sci. 2010;51:6441-6447) DOI: 10.1167/iovs.10-5216 P OAG is a major public health problem, causing vision loss and blindness because of the death of retinal ganglion cells (RGCs); elevated intraocular pressure (IOP) is a major risk factor. Despite decades of research, the mechanisms leading to RGC death are not fully understood. Involvement of the immune system in the pathogenesis of glaucoma has been investigated in multiple recent studies. [1] [2] [3] Evidence of immune responses associated with glaucoma includes increased autoantibodies in glaucoma patients, 4 altered populations of T cells, 5 glial cell activation in the optic nerve and retina, 6 and activation of antigen presentation, seen as increased expression of major histocompatibility complex class II by lamina cribrosa astrocytes. 7 Recently, the immune effector molecule complement factor C1q has been implicated in neuronal death in the DBA/2J mouse glaucoma model 8 and has been shown to have increased expression in the glaucomatous retina. 9 Increased synthesis and deposition of complement factors C1q and C3 within the retina have been shown to be induced by elevated IOP. 10 Cytokines are secreted proteins that play central roles in modulating immunity, but they can also perform nonimmune functions in areas such as angiogenesis and development.
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Immune activation events such as autoimmune reactions, activation of antigen presentation, and neuroinflammation are caused by and result in localized changes in cytokine expression. In general, cytokines act in a paracrine or juxtacrine fashion, close to the sites of active immune responses. If immune activation is associated with glaucoma, changes in cytokine secretion within the eye might be detectable as changes in the concentration of cytokines in the aqueous humor (AH) of glaucoma patients.
Multiplex microparticle-based immunoassays, 12 which allow for the detection of multiple cytokines in small volume clinical samples, have been used to determine cytokine expression profiles in the AH of patients who have experienced uveitis [13] [14] [15] and corneal transplant rejection. 16 To test for cytokine expression changes indicative of an immune response, we used this technique to measure multiple cytokines in the AH of POAG patients and patients without glaucoma as controls. We found significantly higher levels of one inflammatory cytokine, IL-8, in the AH of POAG patients. Our results are consistent with a neuroinflammatory process occurring in glaucoma, similar to other age-related chronic neurodegenerative diseases.
all cataract and glaucoma patients was evaluated through dilated pupils by the same glaucoma specialist (RWK) at Vanderbilt Eye Institute using a stereo fundus lens (Volk Super 66; Volk Opticals, Mentor, OH) and a calibrated slit lamp biomicroscope (Haag-Streit 900; Haag-Streit, Bern-Köniz, Switzerland). POAG diagnosis was based on an optic nerve appearance characteristic of glaucomatous damage, such as documented enlargement of cupping and focal thinning of the neuroretinal rim, and was supported by ancillary tests such as the Humphrey Visual Field (HVF) test (Carl Zeiss Meditec, Dublin, CA), optical coherence tomography (Stratus OCT; Carl Zeiss Meditec) measurement of retinal nerve fiber layer thickness, and stereoscopic optic nerve photographs (FF450 plus ; Carl Zeiss Meditec). All glaucoma patients had open iridocorneal angles based on gonioscopy examination. IOP was not used as a diagnostic criterion for glaucoma, although most glaucoma patients had a documented history of IOP Ͼ21 mm Hg before the initiation of antiglaucoma treatment. All possible secondary etiologies were ruled out except in two patients with exfoliation glaucoma. Cataract patients served as the control group and were free of glaucoma based on IOP Ͻ21 mm Hg and healthy appearance of the optic nerve. None of the participants had clinically detectable ocular inflammation, infection, diabetic retinopathy, or age-related macular degeneration. None of the patients in either group had previous intraocular surgeries within 1 year or laser procedures within 6 months before AH collection.
AH Collection
AH samples (50 -100 L) were collected from 89 patients by a single surgeon (RWK) at the beginning of surgical procedures through limbal paracentesis using a 30-gauge needle attached to a TB syringe. Surgeries were performed between 8:00 AM and 2:00 PM. Care was taken to avoid forceful aspiration or touching of the iris or limbal blood vessels. AH samples were immediately frozen and stored at Ϫ80°C. Control patients underwent cataract surgery, which included treatment with standard mydriatic drops (1% cyclopentolate, 1% tropicamide, and 2.5% phenylephrine) 30 minutes before surgery. Glaucoma patients underwent glaucoma surgery (trabeculectomy, mini-glaucoma shunt [ExPress; Optonol Ltd., Neve Ilan, Israel], or glaucoma drainage device implantation), cataract surgery, or combined glaucoma and cataract surgery. If a glaucoma patient underwent combined glaucoma and cataract surgery, cataract extraction was always performed first. Glaucoma patients undergoing cataract surgery alone or cataract surgery combined with glaucoma surgery were treated with mydriatic eye drops, as were control patients. Glaucoma patients undergoing trabeculectomy only received miotic drops (1% pilocarpine) 30 minutes before surgery. Glaucoma patients undergoing mini-glaucoma shunt (ExPress; Optonol Ltd.) or glaucoma drainage device implantation did not receive mydriatic or miotic drops preoperatively. All procedures were performed under topical anesthesia with no retrobulbar block. Glaucoma patients did not discontinue their use of antiglaucoma medications in preparation for surgery. For patients from whom AH samples from both eyes were obtained, cytokine data from the left eye were used in Figures 1 and 2 , and data from both eyes were included in Figure 3 .
Multiplex Cytokine Measurement
A microparticle (bead)-based multiplex cytokine assay 12, 17 (Bio-Plex Cytokine Assay; Bio-Rad Laboratories, Hercules, CA) was used to simultaneously measure multiple cytokines in AH, after recommended protocols from the manufacturer. AH samples were diluted 1:4, and serial 1:4 dilutions of cytokine standards were prepared using manufacturersupplied diluent (Bio-Plex Human Serum Diluent; Bio-Rad). Quadruplicate samples for which sample diluent was substituted for AH were used to determine background fluorescence. A vacuum filtration system was used for all wash steps. In brief, cytokine standards or diluted AH samples were added to wells of a 96-well plate containing cytokine detection beads, which were coated with anti-cytokine antibodies, and incubated for 30 minutes. All incubations were carried out at room temperature with the 96-well plate sealed and placed on an orbital shaker (300 rpm or otherwise, as noted). After incubation, the plate was washed, secondary antibody was added, and the plate was incubated for 30 minutes. The plate was then washed, streptavidin-phycoerythrin detection reagent was added, and the plate was incubated for 10 minutes. The beads were then washed, resuspended in 125 L wash buffer, and shaken for 30 seconds at 1100 rpm. . Median concentrations for IL-6: control, 2.7 pg/mL; POAG, 1.6 pg/mL. Median concentrations for IL-8: control, 1.8 pg/mL; POAG, 4.9 pg/mL. IL-8 is significantly higher in POAG than in control patients (P Ͻ 0.001). Samples with cytokine concentration below the detection limit (0.5 pg/mL for IL-6 and 0.6 pg/mL for IL-8) are plotted on the bottom axis (0 pg/mL). Two control samples with IL-6 concentrations of 82 and 186 pg/mL are plotted on the top axis (Ͼ20 pg/mL).
FIGURE 2. Concentrations of IL-8 in AH of patients without glaucoma
(control, open circles, n ϭ 10) and with POAG (POAG, closed circles, n ϭ 18) undergoing cataract surgery. Median concentrations: control, 2.9 pg/mL; POAG, 5.2 pg/mL. IL-8 is significantly higher in POAG than in control patients (P Ͻ 0.05).
beyond the lower or upper range of the standard curve. Cross-reactivities of the IL-6 and IL-8 assays as determined by the manufacturer were less than 2%.
Immunohistochemistry of Human Eyes
Human cadaver eyes, free from glaucoma or other eye diseases, were obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA) and were received in moist chambers within 48 hours of death. Ages of the seven female and seven male donors ranged from 58 to 93 years (75 Ϯ 10.5 years [mean Ϯ SD]). Whole eyes were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-m-thick sections. Sections were placed on glass slides, deparaffinized, and rehydrated through graded alcohols. After treatment with 3% hydrogen peroxide and blocking with 5% normal rabbit serum (Jackson ImmunoResearch, West Grove, PA), sections were incubated overnight at 4°C with either goat anti-human IL-8 antibody (R&D Systems, Minneapolis, MN) or purified goat IgG (R&D Systems). Immunodetection was performed with biotinylated rabbit anti-goat secondary antibody and peroxidase-labeled streptavidin (Jackson ImmunoResearch), with red/ brown chromogen (Nova Red; Vector Laboratories, Burlingame, CA). The slides were then counterstained in hematoxylin. Phase-contrast microscopy was performed with a microscope (model AX70; Olympus, Center Valley, PA) and a digital camera controlled with accompanying software (SPOT; Diagnostic Instruments, Sterling Heights, MD).
Statistical Analysis
To assess statistical significance, two-tailed P values were calculated by the nonparametric Mann-Whitney test using the VassarStats software package freely available on the internet (http://faculty.vassar.edu/ lowry/VassarStats.html). When 12 cytokines were determined simultaneously, correction for multiple testing using the Bonferroni adjustment for 12 parameters was applied, and results with P Ͻ 0.0042 were considered significant. Results with P Ͻ 0.05 were considered significant for single-cytokine measurements.
RESULTS

Measurement of Multiple Cytokines in AH
The concentrations of 12 cytokines (IL-1␤, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12(p70), IL-15, IL-18, IFN-␥, and TNF-␣) were simultaneously determined in AH samples using a microparticle-based cytokine assay. To investigate possible abnormal immunity in glaucoma, comparisons of the concentrations of cytokines were made between AH samples of single eyes from 30 control patients undergoing cataract surgery and 29 POAG patients undergoing glaucoma surgery. The patient groups were well matched for race and sex, with no significant difference in age ( Table 1 ). The concentrations of eight cytokines (IL-1␤, IL-2, IL-4, IL-5, IL-10, IL-12(p70), IFN-␥, and TNF-␣) were below the limits of detection (Table 2 ). Two other cytokines were detected at low levels or in only a few patients. IL-18 was detected near the lower limit of detection (0.8 pg/mL) in two control and five POAG patients (range, 0.9 -1.5 pg/mL and 0.8 -1.6 pg/mL, respectively). One POAG patient had an IL-15 concentration of 9.1 pg/mL above the lower limit of detection of 8.1 pg/mL. IL-6 was detected in 26 of 30 control patients and in 23 of 29 POAG patients (Fig. 1A) . The lower limit of detection for IL-6 was 0.5 pg/mL. The median IL-6 concentration was 2.7 pg/mL for control and 1.6 pg/mL for POAG. Concentrations Ͼ8 pg/mL were detected in 10 of 30 control patients com- (Fig. 1B) . The lower limit of detection for IL-8 was 0.6 pg/mL. The median IL-8 concentration in POAG eyes of 4.9 pg/mL was statistically greater than that in control eyes of 1.8 pg/mL (P Ͻ 0.001).
IL-8 Concentration in AH of POAG and Control Patients Undergoing Cataract Surgery
The initial study of multiple cytokines suggested that IL-8 is elevated in the AH of POAG patients undergoing glaucoma surgery compared with control patients undergoing cataract extraction. Approximately 30 minutes before cataract surgery, patients received mydriatic drops (1% cyclopentolate, 1% tropicamide, and 2.5% phenylephrine), whereas patients undergoing glaucoma surgery without cataract extraction did not. To control for the possible effects of mydriatic drops on cytokine concentrations, we compared another set of 10 eyes from 10 cataract patients with 18 eyes from 18 POAG patients undergoing cataract surgery at the time of AH collection, either alone or in combination with a glaucoma procedure. There was no significant difference in age between the two groups (Table 1 ; Fig. 2 ). The microparticle-based cytokine assay was used for the detection of IL-8 in the AH of only these patients. Similar to the previous results, IL-8 was higher in the AH of POAG patients (Fig. 2) . The median IL-8 concentration was 2.9 pg/mL for control and 5.2 pg/mL for POAG. The increased IL-8 concentration in the AH of POAG patients was statistically significant (P Ͻ 0.05). Given that this set of POAG patients received presurgical mydriatic drops identical to those of the control group, these results support the contention that elevated IL-8 concentrations in the AH of POAG patients are not related to differences in preoperative pharmacologic treatment.
IL-8 Concentration in AH of Patients with Asymmetric Glaucomatous Optic Nerve Damage
An important difference between the control and POAG groups was that POAG patients were treated with topical antiglaucoma medications but control patients were not. To control for possible effects of medication on cytokines in AH, we compared IL-8 concentrations in pairs of eyes from glaucoma patients for whom one eye had more severe optic nerve damage than the fellow eye, but both eyes received identical antiglaucoma medications.
Patients with asymmetric glaucoma were selected using strict criteria based on optic nerve appearance and reliable HVF testing. Differences between pairs of eyes with optic nerve cup-to-disc ratios Ͼ0.2 were documented by optic nerve photographs viewed with a stereoscope. Asymmetry was also confirmed by OCT measurements of retinal nerve fiber layer thickness. In addition, patients with asymmetric glaucoma had to have mild to severe reliable HVF defects consistent with optic nerve appearance for the worse eye and entirely normal results for the better eye using the 24 -2 Swedish Interactive Threshold Algorithm of the Humphrey Field Analyzer II 750. Because only three POAG patients met the criteria for asymmetric glaucoma, two additional patients with exfoliation glaucoma who met the asymmetry criterion were included in the analysis ( Table 3) .
The microparticle-based cytokine assay was used to detect only IL-8 in the AH of the five pairs of eyes with asymmetric glaucoma and 13 pairs of eyes of control patients. In the 13 control patients, the IL-8 concentration was similar in each eye (Fig. 3A) , with left eyes not significantly different from right eyes (P ϭ 0.96). The absolute value of the difference in IL-8 concentration between pairs of control eyes was 0.5 Ϯ 0.36 pg/mL (mean Ϯ SD). As shown in Figure 3B , IL-8 concentration was higher in the more severely affected eyes of the three patients with asymmetric POAG (patients 14, 15, and 16) and the two patients with asymmetric exfoliation glaucoma (patients 17 and 18). In patients with asymmetric glaucoma, the more severely affected eye had a significantly higher IL-8 concentration than did the less severely affected fellow eye (P Ͻ 0.05). The absolute value of the difference in IL-8 concentration was 4.1 Ϯ 2.23 pg/mL (mean Ϯ SD) for pairs of asymmetric glaucoma eyes and was significantly greater than for control pairs (P Ͻ 0.01). Because both eyes of each glaucoma patient were treated with identical antiglaucoma medication before AH collection, the higher IL-8 concentrations in the more severely affected eyes were not artifacts of medication and were likely related to glaucoma severity.
Correlation of IL-8 with Severity of Visual Field Defect
To further investigate the correlation between glaucoma severity and IL-8, we compared all POAG patients with mild visual field defects (mean deviation no worse than Ϫ6 dB; n ϭ 15) with all those with severe visual field defects (mean deviation worse than Ϫ12 dB; n ϭ 15), 19 as demonstrated by reliable HVF test results. As can be seen in Figure 4 , patients with severe visual field defects had higher AH concentrations of IL-8 than did those with mild visual field defects (median, 7.3 vs. 4.7 pg/mL; P Ͻ 0.05), supporting a correlation between elevation of IL-8 and severity of POAG.
IL-8 Expression in Ocular Tissues
To determine whether the IL-8 detected in AH could be produced locally, IL-8 protein expression in the eye was investigated. Human cadaver eyes free of ocular diseases, including glaucoma, were fixed in paraformaldehyde within 48 hours of death, embedded in paraffin, and sectioned for immunohistochemistry. Representative results of staining of 28 donor eyes are shown in Figure 5 . Immunostaining with normal goat IgG as a negative control resulted in no immunoreactivity (Fig. 5A) . Immunostaining using an affinity-purified goat IgG raised against human IL-8 resulted in positive immunoreactivity (reddish/brown color) in the optic nerve (Fig. 5B ) and the inner retina (Fig. 5C) . In other ocular tissue, anti-IL-8 immunoreactivity was not observed. These results suggest that IL-8 is produced by ocular tissues, and this local source may contribute to the IL-8 detected in AH.
DISCUSSION
Our overall aim was to test the hypothesis that immune activation is associated with glaucoma. Given that eight of the 12 cytokines investigated by multiplex analysis were below detection limits and another two cytokines were detected at low levels in a few patients, our data do not provide evidence of widespread or large changes in cytokine expression in POAG.
Results from previous studies suggested that some cytokines might have increased expression in glaucoma. TNF␣ was previously shown to be increased in the optic nerve 20 and retina 21 of human glaucomatous eyes, although Sawada et al. 22 recently reported no elevation of TNF␣ in the AH of POAG patients. IL-1 was suggested to be elevated in glaucoma, possibly by increased expression by trabecular meshwork cells. 23 IL-18 was reported to be increased in the AH of the DBA/2J mouse glaucoma model. 24 We did not detect TNF␣ or IL-1, and IL-18 was detected at low concentrations in a small number of patients, with no differences between control and POAG. Lack of detection of these cytokines in our study of AH does not support the elevation of IL-18, TNF␣, or IL-1 in glaucoma, but it does not disprove these possibilities either because the amount or location of any increased expression might not have resulted in detectable levels in the AH. We did find that the inflammatory cytokine IL-8 is elevated in the AH of glaucoma patients, consistent with a body of evidence [1] [2] [3] [4] 6 suggesting that glaucoma may be accompanied by immune activation.
In our initial experiments (Fig. 1) , patients in the POAG group underwent glaucoma surgery without cataract extraction. These POAG patients did not receive mydriatic drops, as did the cataract control group, and those who underwent trabeculectomy received miotic drops (pilocarpine) before surgery. In addition, lens status between the POAG and control groups differed because some POAG patients were pseudophakic, although none had undergone previous intraocular surgery within 1 year of AH collection. To address these differences, we compared IL-8 AH concentrations in another set of POAG patients who underwent cataract extraction with another set of control patients (Fig. 2) and again found that IL-8 was significantly higher in the POAG patients. These results ruled out the possibility that higher IL-8 concentration was attributed to differences in treatment with mydriatic drops or lens status before surgery. Median concentrations: mild, 4.7 pg/mL; severe, 7.3 pg/mL. IL-8 was significantly higher in patients with severe visual field defects than in patients with mild visual field defects (P Ͻ 0.05). Visual field defects were defined as mild for patients with mean deviations no worse than Ϫ6 dB and severe for mean deviations worse than Ϫ12 dB.
A complication in the glaucoma patient samples was that nearly all patients were treated with topical antiglaucoma medications, which could have affected cytokine production. 25, 26 To address this, patients with clearly defined asymmetric glaucomatous optic nerve damage were investigated. Because both eyes of glaucoma patients receive identical medications, the fellow eyes served as internal controls. We found that IL-8 concentration was significantly higher in the more severely affected eyes of the patients with asymmetric glaucoma. Our results suggest that elevated IL-8 concentration in the AH correlates with glaucoma severity and is not an artifact of antiglaucoma medication because both eyes of each patient received identical antiglaucoma medication. A correlation between IL-8 and glaucoma severity is further supported by our results that IL-8 concentration was higher in patients with severe visual field defects than in patients with mild visual field defects.
IL-8, also called CXCL8, is a member of the CXC family of chemokines and is known to have both immune and vascular functions. 27, 28 Our immunohistochemistry experiments using normal eye tissue showed that IL-8 is endogenously produced by retina and optic nerve, potentially local sources of IL-8 that could contribute to the IL-8 detected in AH. Although IL-8 was not detected by immunohistochemistry in the lens or trabecular meshwork (TM), these are potential local sources of IL-8 given that lens epithelial cells 29 and TM cells 30 [33] [34] [35] suggesting possible mechanisms for the increased IL-8 found in our study of POAG patients. In the eye, IL-8 expression has been shown to be stimulated by ischemia-reperfusion. 36 Jo et al. 36 demonstrated the upregulation of IL-8 expression in the retinal vasculature and in the ganglion cell layer and inner nuclear layer of the retina 6 hours after reperfusion in a rat model of ischemia-reperfusion injury. Two conditions that can cause reperfusion injury, sleep apnea [37] [38] [39] and vascular dysregulation, 40, 41 have been linked to glaucoma. It is possible that suboptimal oxygenation could induce higher expression of IL-8 in some patients.
IL-8 induction in the specific context of glaucoma has also been investigated. Wang et al. 42 found that serum amyloid A (SAA), a protein that plays a role in inflammation and tissue repair, is expressed at high levels in glaucomatous trabecular meshwork (TM) compared with normal cells. When exogenous SAA was added to perfused anterior chambers, elevated IOP was observed, suggesting SAA plays a role in glaucoma pathogenesis. 42 Importantly, in the context of our findings, they also found that the addition of recombinant SAA to cultured TM cells potently stimulated the secretion of IL-8. 42 It is possible that elevated expression of SAA could have caused the increased IL-8 concentrations found in the AH of POAG patients in our study.
It has been suggested that neuroinflammation may contribute to glaucoma pathogenesis. 43 Neuroinflammation refers to chronic inflammation-like responses in the central nervous system that may participate in neurodegeneration. 44 Although mediated by cytokines, neuroinflammatory processes do not produce classic leukocyte infiltrates as in the periphery. Neuroinflammation may be involved in other age-related chronic neurodegenerative disorders, such as Parkinson's disease 45 and Alzheimer's disease. 46 Glaucoma is also an age-related chronic neurodegenerative disorder and has features common to neuroinflammation, such as glial cell and complement cascade activation. Elevated IL-8 in POAG patients found in our study would be consistent with a neuroinflammatory process in glaucoma.
An immune response associated with glaucoma could be protective or pathogenic. If the immune system plays a pathogenic role, patients with immune-related disease could potentially have altered susceptibility to glaucoma. There is limited evidence in the literature to support this. Cartwright et al. 47 looked for an association between immune-related disease and glaucoma by comparing 67 patients with normal tension glaucoma with 67 age-and sex-matched patients with ocular hypertension (IOPϾ22 mm Hg). Their retrospective study showed that patients with normal tension glaucoma were more likely to have immune-related diseases than patients with ocular hypertension without glaucoma, suggesting that susceptibility to glaucomatous damage might be related to immunoreactive tendencies. 47 In conclusion, we found that the concentration of IL-8, a proinflammatory cytokine, is elevated in the AH of glaucoma patients, suggesting that immune activation may be associated with glaucoma. Further study is needed to investigate potential pathogenic roles for IL-8 and immunity in glaucoma.
